ABSTRACT Thermal radiation, peaking in soft X-rays, has now been detected in a handful of GRB afterglows and has to date been interpreted as shock break-out of the GRB's progenitor star. We present a search for thermal emission in the early X-ray afterglows of a sample of Swift bursts selected by their brightness in X-rays at early times. We identify a clear thermal component in eight GRBs and track the evolution. We show that at least some of the emission must come from highly relativistic material since two show an apparent super-luminal expansion of the thermal component. Furthermore we determine very large luminosities and high temperatures for many of the components-too high to originate in a SN shock break-out. Instead we suggest that the component may be modelled as late photospheric emission from the jet, linking it to the apparently thermal component observed in the prompt emission of some GRBs at gamma-ray and hard X-ray energies. By comparing the parameters from the prompt emission and the early afterglow emission we find that the results are compatible with the interpretation that we are observing the prompt quasi-thermal emission component in soft X-rays at a later point in its evolution.
INTRODUCTION
Gamma-ray bursts (GRBs) are extremely bright transient sources, completely dominating the gamma-ray sky for milliseconds to half an hour. The nature of these bursts was long unknown, but since discovering an association with type Ic supernovae (SNe) (e.g. Galama et al. 1998; Hjorth et al. 2003; Stanek et al. 2003) , long GRBs (any burst lasting longer than two seconds) are known to be caused by the core-collapse of massive stars. While the afterglows have provided a lot of information over the past 15 years, there is still a lot of uncertainty associated with the prompt high energy radiation. Recent evidence has been found in some GRBs for an apparently thermal component in the early soft X-ray emission Starling et al. 2011; Page et al. 2011 ). This component is often, though not exclusively (e.g. Ghisellini et al. 2007a ), interpreted as originating from the SN shock-breakout, as associated SNe have been detected spectroscopically for GRB 060218/SN2006aj Pian et al. 2006) and GRB 100316D/SN2010bh Wiersema et al. 2010; Chornock et al. 2010; Bufano et al. 2011) , and photometrically for GRB 090618 (Page et al. 2011; Cano et al. 2011) .
Interestingly, a weak second component was found to be required statistically in the combined late prompt/early afterglow spectra of a few very soft GRBs (Moretti et al. 2008) , suggesting either the emergence of the afterglow or a thermal component. The clear evidence for individual X-ray thermal components has so far only been detected in low redshift bursts with SNe. Sparre & Starling (2012) searched for this thermal emission in the total sample of Swift bursts, but removed all bursts with high redshift, as they argue that the thermal emission detected in these are at high risk of being false positives. We have analysed a sample of bright early X-ray afterglows for the presence of thermal-type emission as well, but without the redshift filter, as we see no reason to rule these out beforehand. We find several new apparent thermal components, including bursts with redshifts z > 1. In section 2 we present the sample and the analysis of the Burst Alert Telescope (BAT) and the X-Ray Telescope (XRT) data. In section 3 the results of our time-resolved spectroscopy is presented for the best fit time series of each burst. In section 4 we examine the implications of the physical parameters deduced from modeling the emission component.
A flat universe cosmology is assumed with H 0 = 70 km s −1 Mpc −1 and Ω M = 0.27. 1 σ errors for each parameter have been used. When only upper limits are given, these are 3 σ.
OBSERVATIONAL DATA AND METHODS
The sample presented in this paper consists of the brightest bursts (as of 2011 December 20) in the Swift online catalogue (Evans et al. 2007) . We have selected bursts with at least 20 000 counts in the XRT Window Timing (WT) data as well as reliable spectroscopic redshifts, to ensure good fit statistics and to be able to study the evolution in time and the rest-frame properties of the afterglows. Twenty nine bursts fit these criteria, but the dataset for GRB 100906A had to be discarded as repeated extractions of the spectra failed to produce reliable results, so the final sample size is twenty eight bursts (see Table 1 ).
In this paper, we have processed data from Swift BAT and XRT using the analysis tools within HEASOFT. BAT data have been included when available and the spectrum extracted using standard procedure, binning the data in the standard en-ergy binning. The WT mode data have been used from the XRT observations. This has been divided into time periods with a minimum of 10 000 counts for each spectrum, except for GRB 060418 where 5 000 counts per spectrum was used. The XRT light-curves for bursts with a detection of a thermal component are presented in Fig. 1 and the time periods delineated. This way between two and nine spectra have been extracted for each burst. For data reduction the FTOOLs Swiftspecific sub package "xrtproducts" has been used. As centreposition the output from running "xrtcentroid" on the Photon Counting (PC) mode data has been used. The response files are from the Swift repository. The spectra have been pile-up corrected following Romano et al. (2006) .
We should note here that this sample of the brightest earlyphase Swift-XRT bursts only overlaps with the six candidate bursts with possible blackbody emission of Sparre & Starling (2012) in GRB 100621A as well as GRB 090618 and GRB 060218 which were claimed elsewhere. The rest of their bursts were not bright enough to enter our sample. Of the bursts we claim as possible detections in Table 1 , the abovementioned bursts are detected in common. We also find detections in GRB 060202, 060418, 061007, 061121, and 090424. All of these bursts, except GRB 061007 are noted as initial possible candidates by Sparre & Starling (2012) .
RESULTS
The extracted spectra were fit in Xspec with a Band model (Band et al. 1993 ) with photoelectric absorption from both the Milky Way (z = 0, fixed) and the GRB host galaxy (variable and at the redshift of the host). This model was compared to a similarly absorbed Band + blackbody model. The Galactic foreground column densities were fixed to values from the Leiden/Argentine/Bonn (LAB) Survey of Galactic H I (Kalberla et al. 2005 ) throughout the analysis. The equivalent hydrogen column density based on the dust extinction column would be somewhat different, usually slightly lower (Watson 2011) . Using this value would typically increase the column density inferred at the host galaxy redshift (N H ), but would not affect the other fit parameters substantially. All fits have been done in two steps to reduce the computational cost to a manageable level. First the spectra for a given burst were fit simultaneously to determine N H for the host galaxy. The absorption was then frozen to this value during individual fitting of the spectra. N H for the host was determined separately for the Band and the Band + blackbody models. The optical spectroscopic redshifts of the GRBs were used to calculate model parameters in the host galaxy rest frame. Fit statistics and parameters of the best-fit blackbody for the time series with the most significant blackbody detection for each burst in the sample can be seen in Table 1 . The temperature and the luminosity 1 were determined from the fits. Using these parameters and the Stefan-Boltzmann eq., the apparent radiative surface area was determined, assuming a simple, nonrelativistic blackbody. Under spherical geometry, the radius would then be: L = σ A T 4 , where A = 4π R 2 . In Table 1 , the ∆χ 2 values are given for the two models. The actual probabilities as seen in Table 2 are inferred 1 The luminosity is given by the blackbody normalisation in the xspec model: from a Monte Carlo analysis, and gives the likelihood that the added blackbody is just a better fit per random chance. As can be seen from Table 1 the spectral fit seems generally to be improved with the addition of a blackbody. The blackbody model only adds two free parameters, so the fact that χ 2 (was wrong before, should not have been ∆χ
2 ) decrease by more than a factor of two in all but one burst indicates that an extra component is needed in addition to the Band function.
To test the statistical significance of the fit improvement, we used a Monte Carlo method, generating 10 000 artificial spectra from the single Band function model. We did this for every burst with a large improvement in χ 2 (∆χ 2 ≥ 25, the 3 σ limit from the first three time series analysed), since it is extremely unlikely, that a small ∆χ 2 value will turn out to be significant, and because the Monte Carlo analysis is computationally expensive. The distribution of χ 2 was found to be the same for different time series in the same burst, but not compatible between different bursts using the Kolmogorov-Smirnoff test. For bursts with no match in ∆χ 2 in the first 10 000 spectra, a further 10 000 were done to improve statistics. The detection probabilites for an additional blackbody component resulting from these simulations are provided in Table 2 for each time series. We adopt a thermal component detection criterion of less than one in 10 000 over the null hypothesis in at least one of the time series. This corresponds to a detection probability of better than ∼ 4σ.
Early afterglow thermal emission has already been reported for GRB 060218 , and extensively analysed (Waxman et al. 2007; Li 2007; Ghisellini et al. 2007b,a; Sollerman et al. 2006) . The detection of thermal emission in GRB 090618 (Page et al. 2011 ) and GRB 100621A (Sparre & Starling 2012 ) has also been reported, though not as extensively, and so we include our analysis of these bursts here for comparison. In addition to these bursts we report the detection of thermal emission in GRBs 060202, 060418, 061007, 061121, and 090424.
GRB 061007
The spectral fitting for GRB 061007 is improved for the added blackbody for time series A to > 4σ confidence (that is, the Monte Carlo analysis found no ∆χ 2 match in 20 000 simulated spectra). We also performed 10 000 simulations separately for time series B, where 0.16% (approximately 3σ confidence) of the faked data had a ∆χ 2 as large or larger than the real one. The component is very bright, accounting for respectively 10 and 11% of the total luminosity in series A and B. With luminosities of up to 1.9 × 10 50 ergs s
as well as blackbody temperatures of several keV, this thermal emission is both more luminous and hotter than those previously reported Page et al. 2011; Sparre & Starling 2012) . The spectra are plotted in Fig. 2 , top panel.
GRB 090424
The thermal emission from GRB 090424 looks more like the "classical" thermal component, with low luminosity and temperatures of ∼ 0.2 keV, similar to, for instance, GRB 060218. We performed the Monte Carlo analysis for both series separately. For time series B no ∆χ 2 match was found in 20 000 spectra. For the time series A about 0.2% (> 3σ) match the real value. Compared to the burst's low total luminosity, the thermal emission is very bright, consti- (2007) tuting about one fourth of the total luminosity. The spectra can be seen in Fig. 2 , second panel.
3.3. GRB 061121, 060202 and 060418 GRBs 061121, 060202 and 060418 are only good candidates for thermal emission in one time series. Spectra can be seen in Fig. 2 . We note that the parameters for GRB 060418 are not very well constrained. All parameters for the detections are similar, with temperatures around 1 keV, luminosities corresponding to few percent of the total, and apparent host-frame blackbody radii around 10 11 -10 12 cm. The general tendency seems to be for the thermal component to be detected in the declining phase after a flare (though for GRB 061121 the time series includes the peak of the flare), see Fig 1. 3.4. Previous detections Our statistical analysis is relatively conservative as we require a > 4σ detection. Furthermore, we use a Band model as our underlying continuum, which allows for a certain curvature in the spectra without invoking an additional component. For example for a burst such as GRB 090618 where thermal emission has been claimed previously, we only have a clear detection by our criteria in the very late phase. For our claimed detections, only GRB 061007 is not noted to possibly have a thermal component (i.e. to have a significant deviation from a single power-law) in the analysis of Sparre & Starling (2012) . However, this may not be surprising, since we find a highly significant detection only in the first epoch and the signal may be washed out over the rest of the burst. GRBs 060202, 060418, 061121, and 090424 are all flagged as initial possible candidates in Sparre & Starling (2012) , but are excluded from their final list for a variety of reasons. We examine these reasons below and discuss why these GRBs have thermal components. GRBs 060202 and 061121 were excluded because the significance of their detections was too sensitively dependent on the column density used in the fits. For our analysis, we do not find that varying our column density, which is based on a simultaneous fit of all the data, has a notable effect on the statistical significance of the detection for these bursts. Within a 90 % c.l ∆χ 2 varies with a maximum of 3, while the temperature for the blackbody fit remains constant within errors. Furthermore it was noted that GRB 061121 had a high temperature and redshift. We do not include the temperature or redshift attributes of the thermal components in our search criteria. GRB 060418 was excluded by Sparre & Starling (2012) because of strong flaring activity in the light curve. We do not exclude flaring light curves in our analysis a priori since we fit the data with a Band model as the underlying continuum and include the BAT data in our analysis where it is available. Finally, GRB 090424 was found to have a low statistical significance in their time-sliced spectra. Our detection comes from a spectrum over a much wider time range (333-5554 s compared to 700-1000 s) and hence has a far higher signal-to-noise ratio.
We track the evolution of the temperature and luminosity of GRB 090618 and find, in the host galaxy rest-frame an apparent expansion with a best-fit speed of 10.5 +9.5 −2.1 × 10 10 cm s −1 (see Fig. 3 ). This is 3.5 +3.0 −0.7 times the speed of light. We therefore conclude that the thermal component in GRB 090618 must be treated relativistically. 
SN shock breakout
It has been suggested that the thermal emission found in previous GRB early afterglows is due to a SN shock breakout from the stellar winds surrounding the progenitor. While this may be a plausible model for low-luminosity systems, it seems implausible that the very large luminosities discovered here could possibly be related to a shock breakout from a SN. Models of SN shock breakouts confirm this (e.g. Li 2007) . Typical values reported are 10 47 ergs for the breakout energy and a blackbody temperature of 1 keV. This energy is lower than any we observe in the soft X-ray thermal component. Even attempts to explain GRB 060218's thermal component, (the lowest blackbody luminosity in our sample) with an asymmetric explosion (Waxman et al. 2007) have been shown by Ghisellini et al. (2007a) to require a deal of fine tuning. The fact that we obtain very large luminosities for both GRB 061007 and GRB 061121 (about four orders of magnitude larger than GRB060218), but that the properties of the extra component are not qualitatively dissimilar to previous thermal components found, suggests strongly that not only is a SN shock break-out not the origin in these cases, but it may not be in most other cases where this has been discovered either. Soderberg et al. (2008) reported the case of possible shock breakout in a SN without an accompanying GRB, SN2008D. It has also been suggested that this was photospheric emission from a mildly relativistic jet (Mazzali et al. 2008) . The case has been throughly studied, (van der Horst et al. 2011; Gorosabel et al. 2010; Tanaka et al. 2009 ), but without conclusive results. With a total energy of E X ≈ 2 × 10 46 ergs, this burst is consistent with what could be expected for a break-out, and with the limited photon statistics we cannot distinguish the origin of the emission using the spectra. For the GRBs though, we should look elsewhere for the origin of an apparently thermal component in the late prompt/early afterglow soft X-ray emission.
Alternative models
While much progress has been made because of the afterglows of GRBs, the origin of, and mechanism behind the prompt phase and early afterglow are still uncertain. Emission from a cocoon surrounding the jet has been proposed (e.g. Suzuki & Shigeyama 2013 ), but the model does not seem to explain the energies and expansion velocities reported here.
The models traditionally used to model the high energy spectra, a cut-off power-law or smoothly broken powerlaw (Band et al. 1993) , are empirical and not strongly motivated from a physical understanding of the emission process. The main part of the radiation is often considered to be non-thermal, with high energy photons originating from synchrotron and/or inverse Compton processes in the ultra-relativistic jet (e.g. Tavani 1996; Cohen et al. 1997; Daigne et al. 2011) ). However, based on the detection of components in the prompt gamma-ray emission with a blackbodylike spectral shape in addition to a power law (Ryde 2005) , and on difficulties in reproducing low energy spectral indices with synchrotron models (Crider et al. 1998 ), a trend has been growing to attribute much of the prompt-phase emission to the photosphere at the head of the ultra-relativistic jet (e.g. Pe'er et al. 2007; Pe'er & Ryde 2010; Lazzati et al. 2013 ). Such emission emerges from an optically thick plasma, generally not in thermal equilibrium, producing a quasi-thermal spectrum (Ryde & Pe'er 2009 ). Observationally, this high energy photospheric emission decays in luminosity and temperature as a power-law in time (Ryde & Pe'er 2009) . If that trend continues, it is not unreasonable to suppose that it may appear at the end of the prompt phase in soft X-rays as an apparently thermal component with high apparent luminosity and temperature. Under this hypothesis, we can then model the excess component as late photospheric emission.
Using eqs. 5 and 7 found in Pe'er et al. (2012) (modified to our parameters), we can calculate the Lorentz factor and the photospheric radius:
Taking the model luminosities found for each time series we get values for the Lorentz factors, as seen in Table 1 . These values should be corrected with a factor expressing the ratio of the blackbody and total luminosity that is in the relevant burst epoch, as the equation uses the values over the entire burst, but as the luminosity ratio is to the power of 1/4, the correcting factor will be close to 1. We then use these values to calculate the photospheric radii (also shown in Table 1 ), where ξ is a geometrical factor close to one (we set ξ = 1 exactly).
The Lorentz factors calculated here are asymptotic values, valid for the coasting phase of the jet, so they should be similar to the values calculated from the prompt phase emission. As seen in Table 1 , the Lorentz factors we get are consistent with the emission being late photospheric, with values between ten and several hundreds. Another consistency check is apparent superluminal motion of the photospheric radii. In order to look for this, we fitted the photospheric expansion assuming this to be constant throughout. We checked all bursts with detections better than 2 σ in more than one time series, using these for the fit. Fig. 4 shows fits for GRBs 090618 and 061007.
For GRB 090618 we fit an apparent velocity of 111 c, which corresponds to 0.6 +0.4 −0.2 c in the jet frame using the calculated asymptotic Lorentz factor, consistent with a relativistic expansion close to that Lorentz factor. For GRBs 061007 and 061121 the fitted non-relativistic velocities are 93 c and 68 c respectively. However, using the asymptotic Lorentz factors in this case yields jetframe velocities only a small fraction of the speed of light. We conclude that for these bursts the jet has started to slow down and expand, so the assumption of a constant Lorentz factor is no longer valid. Our sample then includes all cases, both the jet coasting phase, with velocities near the speed of light, as seen in GRB 090618, the deceleration phase as seen for GRBs 061007 and 061121, and the case where the jet has slowed down completely, seen by the constant radius (photospheric as well as simple blackbody) of GRBs 060418 and 090424. In principle, the observed evolution of the thermal component in the soft X-ray should be compatible with those observed at early times in the gamma-ray regime. While we have only one GRB in our sample which has a reported prompt phase gamma-ray thermal component, GRB 061007 (see below), as reported by Ryde & Pe'er (2009) , the evolution in temperature and luminosity behaves consistently across bursts, with an initial increase in value until a break occurs after a few seconds, and then a decay with a powerlaw index between −4.5 and −0.8 for the luminosity and −1.3 and −0.3 for the temperature. Using the points we have from the bursts with good fit over several time series to calculate power-law indices, we get values largely consistent with these for GRB 061007, 090618, 061121, 090424 and 060218; luminosity: −0. −0.03 respectively. As far as we are aware there is no theoretical reason why these power-law decay trends necessarily have to continue indefinitely, but the fact that our results for the luminosity and temperature decay rates lie in the range observed from the gamma-ray prompt phase is encouraging for the model. GRB 061007 is of special interest, since Larsson et al. (2011) find the prompt emission of this burst to be dominated by apparent thermal emission. They find that the evolution in temperature and flux follow the light curve. By the time the XRT started observing, the light curve is in constant decline, so the temperature and flux would be expected to decay, as we find in our analysis of the XRT data. We cannot compare decay indices, as Larsson et al. (2011) observe before the onset of the declining phase. The thermal component started off very strong, accounting for about 75% of the total luminosity. By the time of the XRT observation it has fallen to about 10% for the first two time series, and then becomes too weak to be statistically significant.
A comparison of Lorentz factors is also instructive. Larsson et al. (2011) find values of ∼ 200 − 600, which should be directly comparable to the asymptotic Lorentz factors in our sample, for which we obtain similar values, between about 30 and 670 (see table 1), from our observations. For GRB 061007, at XRT observation time, the jet seems to be slowing down, but we still find apparent superluminal expansion of the blackbody radius, which means that the Lorentz factor is still significant. Our proposed model is furthermore supported by observations such as that of Axelsson et al. (2012) , who report a detection of prompt phase thermal emission for GRB 110721A, following the blackbody temperature all the way down to 4.9 keV.
With this interpretation, our discovery of highly luminous quasi-thermal components in the soft X-ray emission allows the photospheric prompt emission model to be explored at much later times and with the more sensitive narrow-field soft X-ray instruments, and thus potentially with better statistics and spectral resolution than has so far been the case.
CONCLUSIONS
We have examined a sample of the brightest Swift GRBs looking for thermal emission in the XRT data. We find clear evidence for this emission in 8 out of 28 bursts, with an indication that such emission exists in the majority of bursts. We track the temperatures and luminosities of these components over time. We find that several of these thermal components are very luminous (three to four orders of magnitude more luminous than the component in GRB 060218) and the temperature is high. These facts therefore make SN shock breakout an unlikely explanation in the generality of GRB thermal components, since the components uncovered here are physically similar to other thermal components discovered so far. We find that several of the components have apparent superluminal expansion, indicating that they are clearly expanding relativistically and use late photospheric emission from the jet as a physically well-motivated theory, to allow us to determine Lorentz factors for the bursts. We find the decay rates of the luminosity and temperatures as well as the Lorentz factors to be compatible with values obtained elsewhere from prompt gamma-ray thermal emission. This explanation links the emission observed in the prompt phase to that of later times and is supported by the detection of superluminal motion and the observation that the trends observed in the gamma-ray thermal emission reported extend to the soft X-ray regime and may mark a crucial step in understanding the prompt/early phase of GRB emission.
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